Abstract-Multi-degree of freedom manipulators have become a hotspot in the field of robotics because of many advantages. In this paper, a 5-DOF manipulator was taken as the object of study. The modal analysis on it was carried out by methods of test and finite element analysis. A model updating method based on sensitivity analysis was put forward, and the final finite element model was established by iterative optimization. By means of correlation analysis and MAC modal judgment criterion, it was verified that the simulation results of the final simulation model of the manipulator have a good correlation with the experimental modal results. The finite element model determined by this method accurately reflected the actual structural dynamic characteristics of the manipulator.
INTRODUCTION
In recent years, robot technology has developed by leaps and bounds, and more and more attention has been paid to robot research and application. The multi-degree-of-freedom manipulator has become a hotspot in the field of robotics. Multi-degree-of-freedom manipulator has many advantages such as high reliability, large working space and good flexibility, which has been widely used in engineering field [1, 2] . With the development of science and technology, the application of manipulators has also been expanding. At present, manipulators are not only used in traditional manufacturing, such as mining, metallurgy, petroleum, chemical, shipbuilding and other fields, but also begin to expand to nuclear power, aviation, aerospace, medicine, biochemistry and other High-tech fields [3] .
With the increasing demand for the manipulator, the development of the manipulator should be developed in a faster, safer and more reliable direction. The requirements of vibration characteristics are getting higher. Modal analysis is widely used in engineering vibration field as a method to study the dynamic characteristics of structures. The modal analysis is used to determine the vibration characteristics of the structure or machine parts, which is of great significance to the design of manipulator structure, while the modal analysis is the basis of other dynamic analysis.
In the field of industrial manufacturing, CAE technology is developing rapidly. Through the finite element simulation analysis, the vibration characteristics of the manipulator are studied, and the weak parts of the structural design are pointed out. The optimization scheme can be proposed to avoid the resonance phenomenon during work [4] . At the same time, as the most widely used numerical analysis method in modern engineering field, the reliability of finite element analysis (FEM) has been widely validated [5] . The finite element simulation analysis can reduce the number of physical experiments to achieve the goal of cost saving, evaluate the rationality of the configuration to reduce the risk and improve the quality of the product and shorten the development cycle.
Over the past ten years, with the development of computer visualization, virtual reality, computer intelligent technology, computer has been a great development in replacing the experiment in various fields. Compared with the test, simulation analysis technology has the advantages of low cost, short cycle and many other benefits. But for complex practical structures, the accuracy of the finite element model is affected by many factors. The error of the simulation model includes the simplified assumption. For example, analysis model belongs to linear mathematical model, ignoring some nonlinear factors exist in the actual structure. The discretization precision is related to the grid size, the more dense the mesh, the higher the precision. However, when the mesh is dense, the computational efficiency will be decreased, and the advantages and disadvantages of calculation precision and computational efficiency need to be weighed in engineering. Finally, the modeling error should be considered. Physical parameters (density, Young's modulus, Poisson's ratio) in the finite element model cannot be completely coincident with the actual piece, which will increase the error between the modal simulation result and the actual modal test result [6] .
The model updating technique is to modify the finite element model by using the experiment data to obtain a more accurate simulation model. Thus, it is possible to omit some large-scale structural experiments, saving the cost of development and shortening the design cycle. In this paper, a 5-DOF manipulator is used as the research object, modeling with SolidWorks software. The modal test was performed using LMS.TestLab software. And the finite element simulation model was established with the HyperWorks software, solved by the finite element analysis software MSC.Nastran. A model updating method based on sensitivity analysis [7] was adopted. The final manipulator finite element model was established through iterative optimization. By means of correlation analysis and MAC modal judgment criterion, it was verified that the simulated simulation results of the manipulator had a good correlation with the experimental modal results [8] . Within the allowable range of the simulation result error, the simulation analysis results can be used as reference, which accurately reflects the actual structural dynamic characteristics of the manipulator, and it also has important reference value for the relevant test work.
II. MANIPULATOR STRUCTURE
Joint manipulator, a kind of mechanical arm, is designed to simulate the upper arm. It realizes the space position change of end joint by revolute joints. The installation of body needs little space, with high spatial accessibility, which makes joint manipulator become the most widely used robot arm.
In this paper, the manipulator we study has five revolute joints, with five degrees of freedom, including an azimuth joint, a rotary joint and three pitch joints. Its physical structure is shown in Fig. 1 . The bottom of the manipulator is fixed and the end is used for a variety of operations. Its three-dimensional model is performed through SolidWorks software.
III. MODAL TEST

A. Test scheme
The experimental measurement and analysis system consists of three parts, the excitation system, the vibration receiving system and the modal analysis system. The excitation system is a modal hammer. The vibration receiving system mainly includes three-axis acceleration sensor and intelligent acquisition system. And the modal analysis system consists of LMS Test. Lab software and its own modal analysis software [9] . The specific test schematic diagram is shown in Fig. 2 . The modal test of manipulator was carried out with constraint condition. And the measuring-point arrangement is presented as Fig. 3 . 
B. Modal test results
The processing and acquisition of each measuring point's experiment data go on simultaneously. Meanwhile, observe the coherence among signals when picking up a batch of signals. Only signals with coherence coefficients above 0.8 are valid. For the satisfactory signals, the transfer function is processed immediately, which can improve the accuracy of the experimental data and avoid repeated experiments because of failed data. Finally, confirm the modal order and obtain fitted curves of transfer function, as shown in Fig. 4 . The modal test results are summarized as shown in Table I . 
IV. MODAL SIMULATION ANALYSIS OF MANIPULATOR
A. Finite element model
The model is processed by HyperWorks software, and finite element analysis software is used as solver. The entire structure is simplified to solid, shell and lumped mass. The stiffness of each joint reducer has a great influence on the overall stiffness. If the rigid element is adopted to simulate the connection, whose stiffness is larger than the actual, as a result that the result of the final modal analysis will produce great error. Therefore, we have carried on the statics analysis to each joint reducer of manipulator, and obtained the stiffness data of reducer by means of the stiffness calculation theory. During the establishment of the finite element model, the spring-damper element CBUSH is used to simulate the torsional rigidity of internal reducer, and the rigid element RBE2 is used to simulate the bolt connection [10] . Finally, the finite element model of manipulator with the working state is obtained, as shown in figure 6 . 
B. Modal analysis results
Modal analysis is performed for finite element model at working status, using the method of Lanczos. The first three orders frequency values and vibration modes are described as shown in Table . The vibration pattern of the first two orders are shown in Fig. 7 . 
V. FINITE ELEMENT MODEL UPDATING
A. Correlation test
The finite element model correction work is the basis of mechanical simulation analysis. Only the mechanical characteristics of the finite element model are matched with the real structure, which can ensure that all subsequent simulation results are credible. The purpose of modal analysis is to determine the inherent properties of the structure, and the system modal can be obtained by experiment or by finite element simulation. As the finite element calculation needs to simplify the structure, such as ignoring non-linear factors, the finite element model can not completely represent the real physical model. Certainly there is some deviation between finite element calculation results and the real results. In addition, for the test, duing to some objective factors, such as site, environment, mood, test equipment, test methods and other factors, the test results are not accurate. Therefore, the simulation results can be compared with the test results, and they can be verified by each other.
The correlation analysis is to calculate the frequency difference between simulation and test in the corresponding order, and determine the correlation between the two through error rate.
here, A f is the modal frequency of simulation, and T f is the modal frequency of test.
Generally, when the error between the modal analysis frequency and the experimental modal frequency is less than 10%, we can say they have good correlation [12] .
Modal Assurance Criterion (MAC) is a widely used method to evaluate the correlation between test mode and simulation analysis mode, and the modal accuracy is evaluated by comparing the vibration modes. MAC is defined as follows
here, Test V , and FE V are mode vector of test and simulation respectively [13] [14] [15] .
MAC value is always between 0 and 1, generally observed though its matrix. If the value in the diagonal of the matrix is greater than 0.8, that is the correlation between simulation analysis mode and corresponding test mode is better. Meanwhile the value in the rest position of the numerical matrix is less than 0.3, indicating that the modes corresponding to different orders are independent between each other and have no influence on each other.
By LMS VirtualLab simulation software, the correlation between the modal test results and the analysis results is verified, and the accuracy of manipulator's finite element model is verified by examining the modal frequency and the Modal Assurance Criterion. Through correlation test, the MAC value and frequency difference are shown in Table . The MAC values in the table above are represented by a matrix, as shown in Fig. 8 . 
B. Sensitivity analysis
Through correlation analysis between simulation mode and experimental mode, the MAC values of the first two order are relatively large, and it can be concluded that the vibration mode of test is similar to that of simulation. But it is necessary to optimize the finite element model so that the simulation mode is close to the experimental mode in frequency. After analysis, the connection stiffness in the finite element model may be weak. Thus, the elastic modulus of the material can be increased to compensate for weak connection stiffness. Due to the many parts of manipulator, it is necessary to select the elastic modulus of the parts with relatively large influence on the modal frequency. It is possible to find the elastic modulus which is sensitive to the modal frequency by means of modal sensitivity analysis.
Through the sensitivity analysis, the sensitivity of the elastic modulus of each part to modal frequency of the first two order is obtained, sorted in descending order as shown in Table . 
C. Modal frequency optimization
Considering that the fundamental frequency is the most important indicator for structural performance, by iterative refinement, the fundamental frequency of the finite element model can be matched with the fundamental frequency of the manipulator test piece.
After sensitivity analysis, the components with larger influence on modal frequency are obtained. The elastic modulus of these parts is selected to optimize modal frequency and MAC value. By comparison, the Young's modulus that needs to be optimized in the table above are (E)14, (E)12, (E)40, (E)43, (E)20 and (E)22, which have more influnce on overall modal frequency. The iterative optimization is performed by sequential quadratic programming (SQP). The iterative calculation process is shown in Fig. 10 . After optimization, the MAC value and frequency difference between simulation modes and experimental modes are shown in Table . It can be seen from the table that the MAC value is increased, Moreover, the difference between simulation modal frequency and experimental modal frequency is little, especially the frequency error of fundamental frequency is below 1%.
VI. CONCLUSION
The existence of modal analysis error is normal, whether the experiment or the simulation. This paper introduces a finite element model updating method based on sensitivity analysis. Though correlation test and MAC criterion analysis between test and simulation, the finite element simulation model is obtained which is close to the real manipulator structure finally.
Compared to the physical experiment, simulation analysis technology has the advantages of low cost, short cycle and many other benefits. Within the allowable range of error, the simulation analysis results can be used as reference for vibration characteristics analysis, as well as for related test work.
